**Chinese Library Classification No.** R453; R364

Introduction {#sec1-1}
============

Inflammation, predominantly caused by activated macrophages and microglia (Ransohoff, 2016), has been suggested to be a major contributing factor for many chronic diseases including neurodegenerative diseases like Alzheimer's disease (Heneka, 2006). Microglia release cytotoxic substances such as nitric oxide (NO), proteases, prostaglandins, and cytokines as well as reactive oxygen species, such as superoxide, hydrogen peroxide and the hydroxyl radical (HO•). The first reactive oxygen species in the chain, superoxide, is generated from nicotinamide adenine dinucleotide phosphate (NADPH) by NADPH oxidase, a phenomenon known as "respiratory burst" (de Rooij et al., 2009). In their milestone publication in 1975, Root et al. have shown that the respiratory burst is a mechanism by which macrophages attack invading microorganism in the human body (Root et al., 1975). O~2~ ^--^ is then converted to hydrogen peroxide by superoxide dismutase (Noor et al., 2002), and hydrogen peroxide is subsequently converted to water by catalase. Amphipathic hydrogen peroxide easily passes in and out of cells, and although it was long suspected to do so by simple diffusion, aquaporin water channels also have a role in hydrogen peroxide transport across plasma membranes (Vieceli Dalla Sega et al., 2014) (**[Figure 1](#F1){ref-type="fig"}**).

![Signal pathways involved in LPS, IFN-γ, and CEA-AGE induced proinflammatory mediator expression *via* hydrogen peroxide\
After binding to their respective receptors, LPS, IFN-γ, and AGEs lead to the activation of NADPH oxidase and subsequent superoxide production and conversion to hydrogen peroxide. ROS activate downstream signaling pathway components including PI3K/Akt and MAPK. Subsequently, MAPK (p38, ERK 1/2, and JNK) activation induces the phosphorylation of NF-κB. Hydrogen peroxide can also travel through the membrane into the extracellular space and activate adjacent cells. LPS: Lipopolysaccharide; IFN-γ: Interferon-gamma; NADPH: nicotinamide adenine dinucleotide phosphate; ROS: reactive oxygen species; PI3K: phosphoinositide-3-kinase; MAPK: mitogen-activated protein kinase; ERK1/2: extracellular-signal-regulated kinase 1/2; NF-κB: nuclear factor kappa B; JNK: c-Jun N-terminal protein kinase; COX-2: cyclooxygenase-2; LOX: lysyl oxidase; iNOS: inducible nitric oxide synthase; SOD: superoxide dismutase; TNF: tumor necrosis factor; IL: interleukin; IκB: inhibitor of NF-κB; CEA-AGE: chicken egg albumin-derived advanced glycation end product; RAGE: receptor for AGEs; IFNGR: interferon-gamma receptor.](NRR-14-1430-g001){#F1}

Hydrogen peroxide has long been known to act as a second messenger in intracellular signal transduction pathways, including nuclear factor kappa B (NF-κB)-dependent gene expression, *e.g.* for pro-inflammatory mediators, including tumor necrosis factor (TNF-α) and inducible nitric oxide synthase (Han et al., 2001). Oxidation dependent, redox-sensitive signal transduction pathways can be decreased by different types of "anti-inflammatory" antioxidants such as α-lipoic acid and polyphenols (Zhang et al., 2007). Further evidence for this intracellular function of hydrogen peroxide comes from the fact that exposure to exogenous hydrogen peroxide induces NF-κB translocation (Takada et al., 2003). This property of hydrogen peroxide to behave as a second messenger is termed "redox-sensitive" signal transduction (de Rooij et al., 2009). Although the exact targets of hydrogen peroxide are not known, it most likely activates a variety of redox-sensitive kinases, upstream of NF-κB through oxidations of critical cysteines (Hancock, 2009).

All the previous examples show that hydrogen peroxide can act as an intracellular signaling molecule. In this study, we provide evidence that hydrogen peroxide can act as an extracellular signaling molecule, as it can diffuse through cell membranes and is able to transfer pro-inflammatory signals from one cell to another, thus acting as a true first (intercellular) messenger. The mechanisms and sequence of events behind our hypothesis ("hydrogen peroxide is an intercellular messenger") are as follows:

a)hydrogen peroxide is produced in reaction to a pro-inflammatory ligand, *e.g.* by NADPH oxidase ("respiratory burst") (Johnson and Sung, 1987).b)Hydrogen peroxide diffuses through cell membranes into adjacent target cells, *e.g.* via aquaporin channels (Bienert et al., 2007).c)Hydrogen peroxide reacts with target molecules such as redox-sensitive kinases in the target cells.

In this study, we present evidence for this novel paradigm in cell-to-cell communication using three quite different pro-inflammatory activators, and two readouts, NO, and TNF-α.

Materials and Methods {#sec1-2}
=====================

Preparation of chicken egg-albumin-derived advanced glycation end products {#sec2-1}
--------------------------------------------------------------------------

Chicken egg albumin (CEA)-derived advanced glycation end products (AGEs) were prepared by incubating 903 mg glucose with 50 mg CEA in 100 mM sodium phosphate-buffered saline (PBS) (pH 7.4). After sterilizing the samples through a 0.45 Acrodisc syringe filter into a 50 mL autoclaved glass jar, they were incubated for 37 days at 60°C. The lids were loosened to allow air exchange. The pH was checked every week and was adjusted to around 7.6 by adding sterile 100 mM NaOH. Since a steady and nearly linear increase in both fluorescence (370 nm excitation/440nm emission) and absorbance at 400 nm was observed during the 6 weeks and the increase thereafter was only marginal, the CEA was assumed to be maximally modified". After incubation, unreacted sugars were removed before the assay by extensive dialysis against PBS. The CEA-AGE solutions were stored at --80°C (Dukic-Stefanovic et al., 2003).

Maintenance of RAW 264.7 macrophages {#sec2-2}
------------------------------------

RAW 264.7 macrophages (Sigma-Aldrich, Castle Hill, NSW, Australia) were grown in 175 cm^2^ flasks on Dulbecco's modified Eagle's medium (DMEM) (Life Technologies, Mulgrave, VIC, Australia) containing 5% fetal bovine serum (FBS) that was supplemented with penicillin (100 U/mL), streptomycin (100 μg/mL) and L-glutamine (2 mM). The cell line was maintained in 5% CO~2~ at 37°C, with media being replaced every 3--4 days. Once cells had grown to confluence in the culture flask, they were removed using a rubber policeman, as opposed to using trypsin, which can remove membrane-bound receptors (Gunawardena et al., 2015).

Activation of RAW 264.7 macrophages {#sec2-3}
-----------------------------------

For assays, 90 μL of each concentration of catalase (eight concentrations made by serial dilution from 0--2000 U/mL catalase in DMEM; Sigma-Aldrich) were added an hour prior to addition of 10 µL of activator solution. The activator solution consisted of a combination of 10 μg/mL Lipopolysaccharide (LPS) (Salmonella serotype; Sigma-Aldrich) and 10 U/mL (1 U = 0.1 ng/mL) interferon-gamma (IFN-γ), IFN-γ along (25 U/mL) or 400 µg/mL CEA-AGE in DMEM. After activation, the cells were incubated for 24 hours at 37°C and then NO, TNF-α and cell viability were determined. Non-activated cells (exposed to media alone) were used as negative control and activated cells as a positive control (Gunawardena et al., 2015). Recombinant IFN-γ was purchased from PeproTech Asia (Rehovot, Israel).

Determination of NO scavenging activity of catalase {#sec2-4}
---------------------------------------------------

In a 96-well plate, 50 μL of a freshly dissolved 5 mM sodium nitroprusside solution in 20 mM sodium phosphate solution, pH 7.4, 0.09% NaCl was added to 50 μL of a solution of catalase in various concentrations ranging from 2000 U/mL to 31.25 U/mL for 1 hour at 50°C. Nitrite formed was analyzed with the Griess reagent (freshly made from sulfanilamide and 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride) as described below (Gunawardena et al., 2015).

Determination of nitrite (as a measure of NO production) by the Griess assay {#sec2-5}
----------------------------------------------------------------------------

NO was determined by Griess reagent quantification of nitrite. Griess reagent was freshly made up of equal volumes of 1% sulfanilamide (Sigma-Aldrich) and 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride (Sigma-Aldrich) in 5% HCl. From each well, 50 µL of supernatant was transferred to a fresh 96-well plate and mixed with 50 µL of Griess reagent and measured at 540 nm in a POLARstar Omega microplate reader (BMG Labtech, Mornington, Australia). The concentration of nitrite was calculated using a standard curve with sodium nitrate (0--500 µM; Sigma-Aldrich) and linear regression analysis (Gunawardena et al., 2015).

Determination of NO~2~ ^--^ scavenging activity of catalase {#sec2-6}
-----------------------------------------------------------

50 µL of a freshly prepared sodium nitrate solution (Sigma-Aldrich; 150 μM NO~2~ ^--^) was added to 50 μL of a solution of catalase in various concentrations ranging from 2000 U/mL to 31.25 U/mL for 1 hour at 37°C. Nitrite in the media was analyzed with the Griess reagent as described below.

Reduction of nitrate to nitrite {#sec2-7}
-------------------------------

A freshly prepared vanadium chloride solution (Sigma-Aldrich; 50 µL; 200 mg per 25 mL in 1 M HCl) was added to 50 µL of cell culture supernatant to achieve the reduction of nitrate to nitrite. Nitrite in the cell culture media was then analyzed with the Griess reagent as described previously (Egan et al., 2004).

Determination of TNF-α by enzyme-linked immunosorbent assay {#sec2-8}
-----------------------------------------------------------

The diluted supernatants were used for determination of TNF-α using a commercial sandwich enzyme-linked immunosorbent assay (Peprotech, Rehovot, Israel) according to the manufacturer's protocol with a few modifications. In brief, the capture antibody was used at a concentration of 1.5 μg/mL in PBS (1.9 mM NaH~2~PO~4~, 8.1 mM Na~2~HPO~4~, 154 mM NaCl) (pH 7.4). Serial dilutions of TNF-α standard from 0 to 10,000 pg/mL in diluent (0.05% Tween-20, 0.1% bovine serum albumin (Sigma-Aldrich) in PBS) were used as internal standard. TNF-α was detected with a biotinylated second antibody and an avidin-peroxidase conjugate with tetramethyl benzidine as the detection reagent. The color development was monitored at 655 nm, taking readings every 5 minutes. After about 30 minutes the reaction was stopped using 0.5 M sulphuric acid and the absorbance was measured at 450 nm using a POLARstar Omega microplate reader (BMG Labtech, Mornington, Australia) and expressed as a percentage of that in control cells after conversion of the concentrations by using a standard curve constructed with defined concentrations of TNF-α. Curve fitting of this standard curve and extrapolation of experimental data were performed using non-linear regression analysis (Gunawardena et al., 2015).

Determination of cell viability by the Alamar Blue assay {#sec2-9}
--------------------------------------------------------

Alamar Blue solution (100 µL; 10% Alamar Blue (Resazurin; Sigma-Aldrich) in DMEM media) was added to each well and incubated at 37°C for 1 hour. After incubation, fluorescence intensity was measured with the microplate reader (excitation at 530 nm and emission at 590 nm) and results were expressed as a percentage of the intensity of that in control cells (Gunawardena et al., 2015).

Determination of hydrogen peroxide in cell culture medium *via* perchloric acid-ferrous oxidation-xylenol orange assay {#sec2-10}
----------------------------------------------------------------------------------------------------------------------

To measure hydrogen peroxide in the medium, 100 μL DMEM (with 0.1% FBS) containing 200 µM hydrogen peroxide was added to each well and supernatants (10 µL) were collected in intervals indicated. Supernatants were then diluted nine times with DMEM (total volume 90 µL).10 μL Fox-reagent (2.5 mM ferrous ammonium sulfate, 2.5 mM xylenol orange, 1.10 M HClO~4~) was added to the diluted supernatants and mixed. The plate was incubated for 20 minutes and the absorbance was measured at 540 nm in a POLARstar Omega microplate reader (BMG Labtech, Mornington, Australia). The concentration of hydrogen peroxide was calculated using a standard curve with hydrogen peroxide (0--125 µM), and linear regression analysis (Maczurek, 2011). 

Statistical analysis {#sec2-11}
--------------------

Calculations were performed using MS-Excel 2010 software (Microsoft, Redmond, Washington, USA). The Concentration of an inhibitor where the response (is reduced by half (IC~50~) values were obtained by using the sigmoidal concentration-response function in GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). The results were expressed as the mean ± standard error of the mean (SEM) or standard deviation (SD). Statistical analysis was carried out using a one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison tests. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Pro-inflammatory activation patterns of different ligands (LPS/IFN-γ, IFN-γ alone and CEA-AGE) {#sec2-12}
----------------------------------------------------------------------------------------------

In a first experiment, RAW264.7 macrophages were activated in a concentration-dependent manner with LPS (up to 10 μg/mL) + IFN-γ (up to 10 U/mL (1 U = 0.1 ng), IFN-γ (25 U/mL) or CEA-AGE (up to 400 μg/mL) (Gunawardena et al., 2014a, b, 2015). NO and TNF-α production, as well as cell viability, were determined after 24 hours (**[Figure 2](#F2){ref-type="fig"}**). All pro-inflammatory ligands produced similar maximal amounts of NO (corresponding to 80 μM nitrite). For TNF-α, CEA-AGE and the combination of LPS + IFN-γ produced about 80 ng/mL, while IFN-γ alone only produced about 60 ng/mL at the maximum concentration (**[Figure 2](#F2){ref-type="fig"}**). LPS alone did produce less than 5 µM NO and 5 ng/mL TNF-α (data not shown), and was therefore not used for further experiments as a sole activator.

![Dose-response curves for (A) LPS/IFN-γ, (B) IFN-γ and (C) CEA-AGE for NO production with cell viability and (D) LPS/IFN-γ, (E) IFN-γ and (F) CEA-AGE for TNF-α production with cell viability.\
RAW264.7 macrophages were activated with LPS + IFN-γ, IFN-γ or CEA-AGE in a concentration-dependent manner and measured the NO and TNF-α inhibition and cell viability after 24 hours. Results represent the mean ± SEM of two experiments in triplicate. Statistical analysis was carried out using a one-way analysis of variance followed by Dunnett's multiple comparison tests (\**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, *vs*. non-activated cells). LPS: Lipopolysaccharide; IFN-γ: interferon-gamma; CEA-AGE: chicken egg albumin-derived advanced glycation end product; NO: nitric oxide; TNF: tumor necrosis factor.](NRR-14-1430-g002){#F2}

Catalase inhibits NO and TNF-α production {#sec2-13}
-----------------------------------------

RAW 264.7 macrophages were activated with LPS (10 μg/mL) + IFN-γ (10 U/mL \[1 U = 0.1 ng/mL\]), IFN-γ (25 U/mL) or CEA-AGE (400 μg/mL) in the presence of increasing doses of catalase (ranging from 0 to 2000 U/mL) for 24 hours, after which NO and TNF-α production were determined. Addition of catalase to LPS/IFN-γ and IFN-γ activated RAW264.7 macrophages led to inhibition of NO production at much lower catalase concentration (IC~50~ values were 200 ± 13 U/mL and 278 ± 14 U/mL, respectively) than to CEA-AGE activated RAW 264.7 cells (IC~50~ \> 2000 U/mL) (**[Figure 3](#F3){ref-type="fig"}**). TNF-α production appears to be less dependent on cell-to-cell hydrogen peroxide signaling, as the maximum inhibition upon the addition of catalase was only around 40% (IC~50~ \> 2000 U/mL for all three ligands or ligand combinations). The percentages of TNF-α inhibition of LPS/IFN-γ, IFN-γ and CEA-AGE activated RAW 264.7 macrophages at a maximum concentration of catalase (2000 U/mL) were 64 ± 9%, 59 ± 1% and 57 ± 1%, respectively (**[Table 1](#T1){ref-type="table"}** and **[Figure 3](#F3){ref-type="fig"}**).

![NO and TNF-α production with cell viability of RAW 264.7 macrophages activated with (A) LPS + IFN-γ, (B) IFN-γ and (C) CEA-AGE.\
RAW 264.7 macrophages were activated with LPS (10 μg/mL) + IFN-γ (10 U/mL (1 U = 0.1 ng/mL), IFN-γ (25 U/mL) or CEA-AGE (400 μg/mL). NO and TNF-α production were determined in the media after 24 hours of incubation with increasing concentrations of catalase. Results represent the mean ± SEM of two experiments in triplicate. Statistical analysis was carried out using a one-way analysis of variance followed by Dunnett's multiple comparison tests (\**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, *vs*. positve control (activated cells in the absence of catalase). NO: Nitric oxide; TNF: tumor necrosis factor; LPS: lipopolysaccharide; IFN-γ: interferon-gamma; CEA-AGE: chicken egg albumin-derived advanced glycation end product.](NRR-14-1430-g003){#F3}

###### 

NO and TNF-α production by RAW 264.7 macrophages activated with LPS/IFN-γ, IFN-γ, and CEA-AGE in the presence of catalase

  Activator   Inhibition of NO production (IC~50~ in U/mL)   Inhibition of TNF-α production (IC~50~ in U/mL)   \% Cell viability at maximum catalase concentration
  ----------- ---------------------------------------------- ------------------------------------------------- -----------------------------------------------------
  LPS/IFN-γ   200±13                                         \>2000 (64±9^++^)                                 100±11
  IFN-γ       278±14                                         \>2000 (59±1^++^)                                 93±6
  CEA-AGE     \>2000 (73 ±1^+^)                              \>2000 (57±1^++^)                                 100±6

^+^ % NO production at maximum concentration of catalase; ^++^ %TNF-α production at maximum concentration of catalase. Results represent the mean ± SD. NO: Nitric oxide; TNF: tumor necrosis factor; LPS: lipopolysaccharide; IFN-γ: interferon-gamma; CEA-AGE: chicken egg albumin-derived advanced glycation end product; IC~50~: half-maximal inhibitory concentration.

### Direct NO scavenging {#sec3-1}

To find out if direct NO scavenging is the reason for the decreased amount of nitrite in the presence of catalase, a control experiment in a cell-free setup was created. A freshly dissolved 5 mM sodium nitroprusside solution (50 μL) in 20 mM sodium phosphate solution, pH 7.4, 0.09% NaCl was added to 50 μL of a solution of catalase in various concentrations ranging from 2000 U/mL to 31.25 U/mL for 1 hour at 50°C. NO was generated by the NO donor sodium nitroprusside (Roncaroli et al., 2005), which is then converted to nitrite. After incubation of the NO-producing set-up with catalase, Griess reagent was added and the concentration of nitrite was measured. If catalase scavenges NO generated by the NO donor sodium nitroprusside, then the NO concentration would decrease by increasing concentrations of catalase. To our relief, we could not find evidence that catalase scavenges NO directly (**[Figure 4A](#F4){ref-type="fig"}**).

![Control experiments investigating possible direct NO and NO~2~^--^ scavenging activity as well as nitrate oxidation by catalase.\
(A) NO production was measured as the concentration of nitrite present in the media after 1 h of incubation of the catalase with 5 mM sodium nitroprusside (SNP) at 50°C. Data points were expressed as % of control and represent the mean of four replicates. (B) The concentration of nitrite present in the media after 1 hour of incubation of the catalase with 150 μM NO~2~^--^ at 37°C. Data points were expressed as % of control and represent the mean of three replicates. (C, D) To exclude that the downregulation of NO production is caused by oxidation of nitrite to nitrate, a reduction step of nitrate to nitrite with vanadium chloride was performed. C and D contain the same data expressed as a linear plot depicting original data for nitrite concentration and a logarithmic plot normalized to 100%. Results represent the mean ± SEM of five experiments. Statistical analysis was carried out using unpaired *t*-test. NO: Nitric oxide.](NRR-14-1430-g004){#F4}

### Direct (nitrite) NO~2~ ^--^ scavenging {#sec3-2}

To examine if direct NO~2~ ^--^ scavenging was the reason for the decreased amount of nitrite levels in the presence of catalase in our experiments, 50 µL of freshly prepared sodium nitrate (equivalent to 150 μM NO~2~ ^--^) was added to 50 μL of a solution of catalase in different concentrations starting from 2000 U/mL to 31.25 U/mL for 1 hour at 37°C. After incubation of the NO-producing set-up with catalase, Griess reagent was added and the concentration of nitrite was measured. Based on these data, catalase did also not scavenge NO~2~ ^--^ (**[Figure 4B](#F4){ref-type="fig"}**).

### Conversion of nitrite to nitrate {#sec3-3}

While at baseline (no catalase), the concentration of nitrate + nitrate was 112 µM, the concentration of nitrite alone was only 78 µM, (\[nitrite\] = 34 µM) was observed, a concentration-dependent downregulation of NO production by increasing concentrations of catalase was still observed (**Figure [4C](#F4){ref-type="fig"}** and **[D](#F4){ref-type="fig"}**).

These control experiments suggest indicating that neither direct NO or NO~2~ ^--^ scavenging or oxidation of nitrite are the major modes of action of catalase, further supporting our hypothesis that its activity on hydrogen peroxide traveling between cells is the main reason for a decrease in the overall pro-inflammatory response.

Potential uptake of catalase into the macrophages {#sec2-14}
-------------------------------------------------

One of the other observations in our study was that catalase concentrations required for eliminating hydrogen peroxide in these assays seemed very high. However, one could argue, that - as an alternative mechanism for this observation- a substantial amount of catalase might have been internalized in the macrophages and that this mechanism would rather be the cause of the downregulation of the pro-inflammatory mediators rather than scavenging extracellular hydrogen peroxide, the mechanism proposed by us.

Therefore, we have conducted a row of experiments to investigate if added catalase (*e.g. via* internalization) increases the overall capacity of cells to detoxify hydrogen peroxide.

In the first experiment, RAW 264.7 macrophages were exposed to high catalase concentration (1000 U/mL) for 24 hours (we have incubated the 96 well plates for 48 hours with 20% FBS to simulate cell culture conditions and block the walls of the wells to minimize protein absorption before adding catalase). After this time period, the well was washed with PBS to remove the added catalase. After that, 200 µM hydrogen peroxide was added to the cells and samples were taken 2.5, 5, 10 and 20 minutes intervals to determine the hydrogen peroxide concentration (**Additional Figure 1**). When the cells were incubated with 200 µM hydrogen peroxide, cells without catalase degraded hydrogen peroxide with a first order rate constant of 4.77 ± 0.06 × 10^--3^/s, whereas the cells with added 1000 U/mL catalase (for 24 hours) degraded hydrogen peroxide with a first-order rate constant of 6.17 ± 0.11 × 10^--3^/s (increase of 1.40 × 10^--3^/s = 29.3%) (**[Additional Table 1](#T2){ref-type="table"}**).

###### 

Half-life and degradation rate of hydrogen peroxide by catalase in the different experimental set-ups

  Experimental set-up                                    H~2~O~2~ half-life (t~1/2~)(minute)   H~2~O~2~ half-life (t~1/2~)(second)   First order rate constant (k) (10^-3^/s)
  ------------------------------------------------------ ------------------------------------- ------------------------------------- ------------------------------------------
  Cells without added catalase                           2.42 ± 0.18                           145 ± 10.8                            4.77 ± 0.06
  Cells with added catalase                              1.87 ± 0.28                           112 ± 16.8                            6.17 ± 0.11
  Catalase absorbed at walls of the cell culture plate   6.50 ±0 .32                           390 ± 19.5                            1.78 ± 0.04

Data are expressed as the mean ± SD.

However, the increased catalase activity could also be due to catalase being absorbed to the plastic surface of the cell culture walls. Therefore, in a second experiment, we investigated how much of the increased catalase activity is caused by catalase absorption to the walls. Indeed, catalase adsorbed to the wall of the cell culture plates detoxified hydrogen peroxide at a rate of 1.78 ± 0.05 × 10^--3^/s (**[Additional Table 1](#T2){ref-type="table"}**). This value was slightly higher than the difference between cells incubated with or without catalase (1.40 × 10^--3^/s), indicating that the increased activity of cells incubated with extracellular catalase was due to catalase bound to the walls rather than taken up by the cells.

Discussion {#sec1-4}
==========

It is already established that hydrogen peroxide can act as an intracellular signaling molecule in in redox-active pathways (Gough and Cotter, 2011; Marinho et al., 2014; Sies, 2017). Hydrogen peroxide can carry a redox signal from the site of its generation (such as the membrane-bound NADPH oxidase) to a target protein such as a redox-sensitive kinase or transcription factor. For example, hydrogen peroxide activates pathways leading to activation of a variety of transcription factors, *e.g.* in bacteria (OxyR and PerR) (Imlay, 2015), in lower eukaryotes (Yap1, Maf1, Hsf1 and Msn2/4) and in mammalian cells (activator protein 1, nuclear resonse factor 2, cyclic-AMP responsive element binding (CREB), heat shock factor protein 1, hypoxia inducible factor 1, tumor protein 53, nuclear factor kappa B, NOTCH, specific protein 1, and sterol regulatory element-binding protein 1) (Marinho et al., 2014). However, the extracellular signaling roles of hydrogen peroxide, particularly in the mediation of cell-cell interactions, are not well defined. As hydrogen peroxide can diffuse through cell membranes, we have hypothesized that it can relay pro-inflammatory signals from one cell to the next, thus acting as a true first (intercellular) messenger. Proving our hypothesis might make a significant contribution to the development of extracellular hydrogen peroxide scavengers as anti-inflammatory drugs. If we can provide evidence that this mechanism is a general signaling mechanism for propagating and distributing an inflammatory response in a tissue, then hydrophilic, large molecular weight compounds which cannot easily enter a cell, can still act as anti-inflammatory drugs.

Many pro-inflammatory ligands lead to superoxide production, followed by conversion to hydrogen peroxide through a mechanism known as the "respiratory burst" (Root et al., 1975). We have selected three ligands, LPS, IFN-γ, and AGEs. Bacterial endotoxins such as LPS bind to Toll-like receptor 4, activate the Proto-oncogene tyrosine-protein kinase Src (Src) kinase/Phosphoinositide 3-kinase (PI3K) pathway, induce activation of p47phox, leading to superoxide production. IFN-γ leads to production of superoxide by binding to the IFN-γ receptor, activation of the JAK/STAT pathway and upregulation of the transcription of various NADPH oxidase subunits, AGEs can also induce superoxide production *via* the receptor for AGEs and the PI3/MAPK pathway, including ERK1/2.

According to our hypothesis, hydrogen peroxide acting as a first messenger would travel through the extracellular space and diffuse into adjacent cells. Extracellular added catalase, however, converts hydrogen peroxide to water and oxygen in the extracellular environment and therefore hydrogen peroxide as the pro-inflammatory signal would not enter the next cell, resulting in a decrease of the readouts, NO and TNF-α in a concentration-dependent manner.

As the down-regulation of NO was particularly strong, it could be hypothesized that catalase a) scavenges NO directly, b) scavenges nitrite directly, c) facilitates to oxidation of nitrite to nitrate, and that one of these mechanisms could be an alternative cause for its inhibitory effects on nitrite levels.

One other point of criticism might be that - in the presence of catalase - any nitrite formed is being oxidized to nitrate by additional oxygen produced by catalase, and that this phenomenon might be the reason for the apparent downregulation of NO production as nitrite in medium is usually the readout for NO. To exclude this possibility, we have performed a third control experiment where we have included reduction step of nitrate to nitrite and could, therefore, measure total nitrite. If catalase would simply shift the ratio of nitrate/nitrite favor of nitrate, then the total nitrate+ nitrite concentration would not be decreased by increasing concentrations of catalase.

In summary, our two control experiments suggest that extracellular addition of catalase does not lead to a substantial increase of intracellular catalase activity and therefore this mechanism is not the major cause for the downregulation of TNF-α and NO production we have observed.

In this study, we present convincing evidence for this novel paradigm in cell-to-cell communication using three structurally different pro-inflammatory activators, and two readouts, NO and TNF-α. RAW 264.7 macrophages were activated with the three following ligands: LPS (binding to Toll like receptor 4 (Beutler, 2002), interferon-γ (IFN-γ, binding to the interferon-γ receptor) (Griggs et al., 1992) or AGEs (binding to receptor for AGEs) (Srikanth et al., 2011) in the presence of increasing concentrations of (hydrogen peroxide detoxifying) catalase. As inflammatory readouts, NO and TNF-α were used. Consistent with our hypothesis, concentration-dependent inhibition of NO and TNF-α production in response to all three ligands/ligand combinations (IFN-γ, LPS, and CEA-AGE) in the presence of increasing concentration of catalase was observed.

Our results were -- at first sight -- not consistent with the data published by Nakao et al. (2008). They have reported that hydrogen peroxide induces TNF-α, but not NO production in RAW 264.7 macrophages. Although these data look like a discrepancy, at first sight, the RAW 264.7 macrophages in the study published by Nakao et al. were only exposed to hydrogen peroxide, but not activated by pro-inflammatory extracellular ligands like in our study.

One interesting observation was that the inhibition of AGE-dependent signaling was much less influenced by extracellular hydrogen peroxide scavenging that that of the other ligands. Although the mechanism of AGE-induced activation of NADPH oxidase and superoxide production *via* the receptor for AGEs has been described in human endothelial cells (Wautier et al., 2001) and polymorphonuclear leukocytes (Bernheim et al., 2001) as for the other ligands, it has also been shown that AGEs can also suppress superoxide production (Bernheim et al., 2001). Furthermore, hydrogen peroxide formation from superoxide might be further compromised by downregulation of Mn-dependent superoxide dismutase by AGEs *via* the AGE-receptor-1 and p66shc-dependent FKHRL1 phosphorylation (Cai et al., 2007). In summary, it appears that AGE signaling is much less dependent on hydrogen peroxide extracellular signaling that that of the other pro-inflammatory stimuli.

Another interesting and unexpected finding of our study was that scavenging of extracellular hydrogen peroxide down-regulated nearly 100% of NO, but only 40% of TNF-α production. This suggests that intercellular signals transmitted by hydrogen peroxide are more relevant for NO than for TNF-α, as TNF-α production appears to be less dependent on cell to cell hydrogen peroxide signaling, as it was less affected than NO by the addition of catalase for all three ligands or ligand combinations. In summary, our results demonstrate that hydrogen peroxide travels between cells and induces a pro-inflammatory signal in an adjacent cell and that it is indeed a true first messenger for pro-inflammatory signaling.

Limitations of the study: However, we also need to point out the limitations of the study. We have used only RAW 264.7 macrophages to demonstrate that hydrogen peroxide -- like NO -- acts as a true first (intercellular) messenger for a multitude of pro-inflammatory ligands. The results may be different (and the ratio for the downregulation of the NO *vs.* TNF-α) in other cell lines or primary cells. Moreover, in this experiment, we have used only three different ligands for the activation of RAW 264.7 macrophages, and it would be interesting to observe to what extent hydrogen peroxide is involved in signaling pathways stimulated by other pro-inflammatory receptors such as other Toll-like receptors. Furthermore, it would be possible to use large antioxidant (hydrogen peroxide scavenging) molecules instead of catalase to prove to support our hypothesis.

In addition to cell-based experiments, one of the important questions for a future clinical application is whether scavenging extracellular hydrogen peroxide by introducing catalase into a living organism would be a suitable treatment for inflammation. Indeed, there is some clinical evidence for this approach. For example, it was reported that red blood cells induce hypoxic inflammation by producing reactive oxygen species that diffuse to endothelial cells of adjoining blood vessels in a rat model. The authors demonstrated that all hypoxia-induced responses were completely inhibited when catalase was added to the infusion to neutralize red blood cells-derived reactive oxygen species (Kiefmann et al., 2008).

In conclusion, our results suggest that hydrogen peroxide is a pro-inflammatory first messenger, as it travels through the extracellular space and enters and activates adjacent cells. Like NO, we suggest that it is a ubiquitous first messenger, able to transmit cell-to-cell pro-inflammatory signals such as NO and TNF-α. In a therapeutic setting, our data suggest that compounds acting as hydrogen peroxide scavengers might not even need to enter the cell to act as anti-inflammatory drugs.

Additional files:
=================

***Additional Figure 1:*** *Time course of H~2~O~2~ degradation in cells without added catalase, cells with added catalase, and catalase adsorbed at the 96 well plate's walls.*

###### 

Time course of H~2~O~2~ degradation in cells without added catalase, cells with added catalase, and catalase adsorbed at the 96 well plate\'s walls.

Data are expressed as the mean ± SD.

***[Additional Table 1](#T2){ref-type="table"}:*** *Half-life and degradation rate of the hydrogen peroxide by catalase in the different experimental set-ups.*
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